Introduction {#Sec1}
============

Oral cancer is one of the most commonly diagnosed malignancies in the head and neck region. Currently, the choice to treat oral cancer commonly includes surgery, radiotherapy and/or chemotherapy. Although strategies for treating oral cancer have continued to improve in recent decades, the prognosis of oral cancer remains low, with a long-term disease-free survival of \~50%.^[@CR1],[@CR2]^

Radiotherapy is a critical therapy for cancer patients that causes DNA damage directly via ionising radiation (IR) or by indirectly generating oxidative damage via reactive oxygen species (ROS), thereby leading to cancer cell destruction.^[@CR3]--[@CR5]^ In oral cancer, radiotherapy is often selected for early-stage oral cancer patients as a single treatment or for advanced patients in combination with surgery.^[@CR6],[@CR7]^ However, the main challenge in radiotherapy for oral cancer remains locoregional recurrence and/or distant metastasis, which is the major reason that cancer-associated mortality is still high worldwide.^[@CR8]--[@CR10]^ As reported, the median overall survival is only 6--9 months for head and neck cancer patients with relapse post-radiotherapy,^[@CR11],[@CR12]^ and 10%--25% of head and neck cancer patients are diagnosed with distant metastasis after radiotherapy;^[@CR10]^ this situation has a poor prognosis, with a median overall survival of 3--4 months and 1-year-free survival of \<5%.^[@CR8],[@CR13]^ Compared to hypopharyngeal and laryngeal cancers, oral cancers have a higher incidence of local relapse and shorter survival when distant metastasis occurs.^[@CR14]^ Therefore, strategies to address relapse and metastasis of oral cancers post-radiotherapy need to be urgently developed.

It is widely believed that cancer stem cells (CSCs), a small population of cancer cells with self-renewal capacity and multipotent differentiation potential, may be a main cause of cancer relapse and metastasis post-radiotherapy.^[@CR15],[@CR16]^ CSCs are considered to have innately higher radioresistance, invasive capacity and metastatic capacity than their differentiated cancer cell counterparts. Recently, increasing experimental and clinical studies have provided evidence in heterogeneous cancers that a very small number of CSCs surviving after treatment are able to repopulate a tumour at or near the primary cancer site and initiate metastasis development.^[@CR17]--[@CR19]^ Complicated cellular and molecular mecha-nisms, such as stemness maintenance, epithelial--mesenchymal transition (EMT) and reactive oxygen species (ROS) production, are involved in the process of CSC initiation and facilitation of cancer recurrence and metastasis after treatment.^[@CR20]--[@CR23]^ However, little is known about how CSCs play a role in oral cancer relapse and metastasis after radiation treatment. Herein, we will review the role of CSCs and how CSCs result in oral cancer relapse and metastasis after radiotherapy, as well as the potential mechanisms involved and relevant therapeutic targets.

Characterisation of oral CSCs {#Sec2}
=============================

Being able to sort and identify the CSC subpopulation is a prerequisite of further CSC research but is also a major challenge. Stem cell-related markers such as CD44, CD98, CD133 and ALDH1 (aldehyde dehydrogenase 1) are often used for CSC sorting and identification in oral cancer.^[@CR24]--[@CR27]^ CD44, a transmembrane glycoprotein, is one of the most common markers used for CSC enrichment^[@CR28]^ and has been shown to enhance proliferation and survival by sequentially activating the MAPK and P13/AKT pathways.^[@CR27],[@CR29],[@CR30]^ CD98^+^ subpopulations have been reported to express high levels of cell cycle and DNA repair genes and to have tumorigenicity in immunodeficient mice.^[@CR24]^ CD133, a glycoprotein with 5 transmembrane domains, has been identified as a CSC marker in oral cancer; it appears to be involved in angiogenesis and has been shown to be negatively correlated with the prognosis of oral cancer.^[@CR26]^ ALDH1, an enzyme responsible for detoxification of intracellular aldehydes, has been considered a specific marker of CSCs. ALDH1^+^ cells play a role in the development, metastasis and therapeutic resistance of head and neck squamous cell carcinoma (HNSCC).^[@CR31]^ Generally, any stem cell-related marker can be used alone or in combination with other markers to sort oral cancer cells with stem cell characteri-stics. However, the specificity of CSC cell markers has been questioned.^[@CR32]^ Taking CD44 as an example, it has been reported that CD44 is also highly expressed by the majority of normal oral epithelial cells and in oral mucosal tissue.^[@CR33],[@CR34]^ Therefore, it is becoming more common for sorting of CSCs to be enhanced with the use of two or more enrichment markers simultaneously. Some studies indicate that the tumorigenicity of dual-marker-positive cells in vivo is higher than that of single-marker-positive cells, as is their resistance to cancer treatment.^[@CR35]--[@CR37]^ However, the lack of one stemness-related marker does not truly mean that cancer cells have no stem cell characteristics because CSCs are heterogeneous.^[@CR38]--[@CR40]^ To overcome the limitation of CSC markers in oral cancer, additional confirmation with a function-based enrichment method is a feasible strategy.

The most widely used method of function-based CSC enrichment is the sphere formation assay, in which CSCs can grow non-attached in serum-free medium and form non-adherent 3-dimensional (3D) tumour sphere structures, a characteristic reminiscent of the ability of CSCs to initiate tumours and maintain tumour progression.^[@CR41]^ Studies have indicated that CSCs that can form spheres retain their stem cell properties for several passages, while most differentiated cells die from anoikis.^[@CR42],[@CR43]^ It has also been reported that sphere formation assays can be used to successfully enrich CSCs from primary oral cancer tissues or oral cancer cell lines.^[@CR43]^ However, not all primary oral cancer cells can successfully form spheres,^[@CR44]^ and the purity of CSCs obtained by this method has been questioned, leading to the suggested use of an additional enrichment step before the sphere-forming assay is performed.^[@CR34],[@CR45]^

Additionally, increased drug resistance, an important feature of CSCs, may serve as an alternative factor that can be utilised for CSC enrichment; this increased drug resistance of CSCs is achieved partly due to their high expression of ATP-binding cassette (ABC) transporters, which enable CSCs to efficiently dispel chemotherapeutic agents^[@CR44]^ and DNA dyes such as Hoechst 33342.^[@CR45]^ In oral cancer, the CSC subpopulations called side populations (SPs) are identified based on efflux of Hoechst 33342 by flow cytometry or fluorescence-activated cell sorting (FACS), and SP cells have more clonal, invasive and tumorigenic ability than non-side population cells.^[@CR46],[@CR47]^ The advantage of utilising SP sorting as a method to enhance the CSC subpopulation is that it does not require any specific stem cell markers and can be used to enrich CSCs from various tumour tissues and cancer cell lines. However, it is limited to some extent in that the sorted SPs are not homogenous. In addition, the application of this method is technically limited by low specificity, low purity of sorted cells, dye toxicity, variability in dye concentration and dyeing time.^[@CR48]^

Given that the heterogeneity of oral CSCs is high and the specificity of markers is low, sorting and identifying oral CSCs is still challenging. Both enrichment methods based on stem cell markers and those based on functions have their shortcomings; thus, combining the existing enrichment methods to increase accuracy has been suggested (Table [1](#Tab1){ref-type="table"}).Table 1Methods for characterising oral CSCsMethods classificationBiological functionTechniqueRefs.Based on stem cell-related markersCD44Cell surface protein, receptor for hyaluronic acid, cell--cell and cell--matrix contacts and migrationFlow cytometry, IHC/ ICC[@CR27]--[@CR30]CD98Cell surface protein, amino acid transport and integrin signallingFlow cytometry, IHC/ ICC[@CR24]CD133Cell surface protein and 5‐transmembrane glycoprotein angiogenesisFlow cytometry, IHC/ ICC[@CR26]ALDH1Retinoic acid productionAldefluor assay, Flow cytometry[@CR31]Based on CSC functionsSelf-renewalSpecial property of CSCs to initiate tumour and enhance tumour progressionSphere formation assay[@CR41]--[@CR43]Side population (SP)ABC transporter-mediated, efflux of endogenous and exogenous DNA dye (Hoechst 33342)Flow cytometry, FACS[@CR46],[@CR47]*IHC* immunohistochemistry; *ICC* immunocytochemistry; *FACS* fluorescence-activated cell sorting

CSC response to oral cancer radiotherapy {#Sec3}
========================================

It is widely accepted in the CSC hypothesis that cancer grows as a hierarchy resembling normal tissue, with a small number of cancer stem cells functioning at the top of the hierarchy. Briefly, in this hierarchical CSC model, the ability to initiate tumorigenesis and generate heterogeneous cells in primary tumours is fully encompassed by the CSC population but absent in all differentiated progeny of CSCs (Fig. [1a](#Fig1){ref-type="fig"}).^[@CR16]^ Given this, the response of CSCs to ionizing radiation is critical to the prognosis of cancer patients post-radiotherapy.Fig. 1CSC hypothesis and the response of CSCs to radiotherapy. **a** In the CSC hypothesis, the CSC undergoes symmetrical or asymmetric division to give rise to two new CSCs or a differentiated daughter cell and another CSC. Based on the CSC model, the ability to initiate tumorigenesis and generate heterogeneity in primary tumours is fully attributed to the CSC population. **b** In response to radiotherapy, only if all CSCs are eliminated can tumours be permanently eradicated. Moreover, failed radiotherapy can "awaken" quiescent CSCs to enter the cell cycle, leading to tumour relapse, and induce them to transform into metastatic phenotypes, which can eventually result in tumour metastasis

Notably, active cell proliferation is a prerequisite for effective chemotherapy and radiotherapy of tumours, and any senescent and quiescent (not only CSCs) cells can be resistant to these therapeutic regimens.^[@CR49],[@CR50]^ This is consistent with the prevailing view that malignant tumours contain dormant cells that are not sensitive to ionising radiation.^[@CR51]^ It has been reported that even though a large number of differentiated tumour cells are killed by radiotherapy, the dormant cells considered to have some characteristics of CSCs can survive, and these cells are associated with subsequent tumour recurrence or metastasis.^[@CR51]^ Interestingly, it is generally believed that in advanced cancer, most CSC populations are in a quiescent or dormant state.^[@CR52]--[@CR55]^ Studies have demonstrated that approximately one-third of CSCs in glioma and breast cancer cell lines are dormant but enter the cell cycle after radiation, whereas some non-tumorigenic cells (differentiated tumour cells) can become senescent after exposure to radiation.^[@CR56],[@CR57]^ In other words, the quiescent CSC population can be "awakened" by ionising radiation to initiate proliferation and differentiation. Radiotherapy can not only cause dormant CSCs to enter the cell cycle but also induce them to develop a series of malignant phenotypes and carcinogenic metabolism.^[@CR58]^ Thus, only if all CSCs are eliminated can tumours be permanently eradicated after radiation treatment.^[@CR59]^

Several studies have shown that radiation treatment preferentially kills non-tumorigenic cells, thus enriching CSCs.^[@CR18],[@CR60],[@CR61]^ In addition, radiation can promote reversible transformations between stem and non-stem cells such that new CSCs can be generated from normal and neoplastic non-stem cells,^[@CR62]--[@CR66]^ resulting in an increase in the number of CSCs and the coexistence of different types of CSCs, leading to tumour heterogeneity.^[@CR67]--[@CR70]^ It has been reported in breast cancer that the absolute number of CSCs is elevated after exposure to ionising radiation, which is not able to be simply explained by the preferential killing of non-tumorigenic cells by ionising radiation.^[@CR49]^ In addition, it was further confirmed by the same research group that radiation-induced upregulation of the embryonic transcription factors Sox2, Oct4, Klf4 and Nanog in polyploid cells in turn reprogrammes non-tumorigenic cancer cells to acquire CSC properties.^[@CR68]^ Other scholars also observed that the expression of Sox2, Oct4 and Nanog was upregulated in lymphoma cells with p53 mutations after radiation.^[@CR69]^ It has also been indicated in two hepatocellular carcinoma cell lines that radiation induces upregulation of Oct3/4 and Sox2, resulting in the acquisition of a CSC phenotype.^[@CR67]^ Consistent with these results, radiation could induce the dedifferentiation of oral cancer cell lines, leading them to obtain a CSC phenotype.^[@CR70]^ These findings suggest that differentiated cancer cells acquiring a CSC phenotype is a direct response to radiation rather than a random incidence. Therefore, we propose that in addition to "awakening" quiescent CSC populations, ionizing radiation can also "awaken" some cancer cells with potential stemness, reverting them to a stem-cell-like state.

In summary, it is a major barrier to successful radiotherapy that irradiation can "awaken" cancer stem cells. Current research outcomes suggest that ionising radiation cannot completely kill dormant CSCs because of radioresistance, but it does awaken them, causing them to enter the cell cycling, which further leads to malignant behaviours (Fig. [1b](#Fig1){ref-type="fig"}). In addition, ionizing radiation can induce reprogramming of differentiated cancer cells, causing them to dedifferentiate into CSCs, acquiring tumorigenic capabilities in the process.

CSC-associated relapse and metastasis in oral cancer post-radiotherapy {#Sec4}
======================================================================

Radiotherapy remains one of the most common therapeutic approaches for the majority of cancer types. However, it has been reported in some studies that radiotherapy is also able to promote relapse and metastasis.^[@CR71]--[@CR73]^ Whether alone or as part of combination treatment, radiotherapy still plays an important role in treating oral cancer at any stage of progression.^[@CR6],[@CR7]^ However, some patients with oral cancer receiving radiotherapy who initially show obvious beneficial effects in terms of shrinkage or eradication of their primary tumours still rapidly develop local tumour recurrence, regional lymph node metastasis or distant lung metastasis.^[@CR14],[@CR74],[@CR75]^ It has been reported that compared to other HNSCC tumours, such as hypopharyngeal and laryngeal cancers, oral cancers have a relatively higher recurrence rate postradiotherapy, especially advanced oral cancer, and once tumour metastasis occurs following radiotherapy, the prognosis of patients is extremely poor.^[@CR14]^

Generally, the failure of radiotherapy for cancers is closely related to various factors, such as the radioresistance of cancer cells and the enhanced invasion and metastasis of tumours. Moreover, the radioresistance of CSCs is being increasingly recognised as a major factor leading to ineffective radiotherapy.^[@CR76]^ Compared to differentiated cancer cells, undifferentiated CSCs innately have higher radiation resistance, which is possibly because ionising radiation preferentially kills proliferating tumour cells but is ineffective in quiescent CSCs, as they are in a dormant state. In fact, there is abundant evidence supporting that CSCs play a critical role in relapse and metastasis after radiation in several cancer types.^[@CR17]--[@CR19]^ Studies on glioma cells and breast cancer cells have found that radiation could only effectively kill non-CSCs, while CSCs survived due to their resistance to radiotherapy and were awakened from their dormant state, increasing rapidly after a period of time post-radiotherapy.^[@CR56],[@CR57]^ It has also been found in breast cancer that the proportion of CSCs increases significantly after ionising radiation, and the CSCs show enhanced proliferation shortly after treatment, which further results in rapid tumour repopulation.^[@CR18]^ All the findings mentioned here suggest that the surviving CSCs can maintain the ability to proliferate during intervals between radiotherapy applications or after radiotherapy, eventually inducing tumour relapse and resulting in an increased proportion of CSCs that enhance the malignancy of residual tumours. Consistently, findings in hepatocellular carcinoma indicate that compared to non-CSCs, irradiated CSCs are more capable of tumour formation when injected subcutaneously into nude mice.^[@CR19]^ In addition, it has also been illustrated in non-small-cell lung cancer that cancer cells surviving radiotherapy obtain upregulation of markers of CSCs and mesenchymal cells, as well as the capacity to self-renew and to give rise to differentiated daughters,^[@CR17]^ further confirming that the cancer cells surviving after radiation have a strongly malignant phenotype.

Although ionizing radiation preferentially kills proliferating tumour cells, nearly half of cancer cells can still survive after radiotherapy.^[@CR77]^ It has been observed in studies on breast cancer, lymphoma and liver cancer that radiation can lead to upregulation of the expression of embryonic transcription factors by cancer cells, thus inducing the dedifferentiation of cancer cells into CSCs,^[@CR67]--[@CR69]^ which is potentially associated with relapse and metastasis post-radiotherapy. Additionally, cells with an IR-induced CSC phenotype have been confirmed to have stronger sphere-forming and tumour-forming abilities in mice,^[@CR68]^ which means that the number of tumorigenic cells increases after radiation, potentially leading to more rapid tumour recurrence. In addition, it has been confirmed by evidence that CSCs have mesenchymal phenotypes, suggesting their high capacity for migration and invasion.^[@CR78]--[@CR80]^ IR can induce non-CSCs to have stronger migration activity, which is closely related to the acquisition of the CSC phenotype and radiation-induced epithelial--mesenchymal transformation (EMT),^[@CR58]^ which is associated with relapse and metastasis.

For oral cancer, it has recently been revealed that IR can promote the migration of several oral cancer cell lines, including Cal-27, SCC25 and FaDu.^[@CR81]--[@CR83]^ Moreover, IR was found to play a significant role in the dedifferentiation of multiple oral cancer cell lines, and 5 days after radiation application, the proportion of CSCs in oral cancer cell lines increased significantly at different IR doses, as assessed by flow cytometry analysis. In addition, the sphere formation assay in this study showed that a single dose of 8 Gy significantly enhanced the sphere-forming ability of oral cancer cell lines.^[@CR70]^ To draw a preliminary conclusion from the current evidence mentioned above, we believe that the response of oral CSCs to radiotherapy will be found to be similar to that of other CSC types, namely, that oral CSCs can be "awakened" by radiation, further resulting in higher proliferation, migration, invasion and radioresistance, which play a critical role in tumour relapse and metastasis post-radiotherapy.

Potential mechanism of CSCs in oral cancer relapse and metastasis {#Sec5}
=================================================================

As mentioned above, CSCs are closely related to recurrence and metastasis after radiotherapy for oral cancer, especially the populations of radiation-activated CSCs and those cells that have undergone radiation-induced dedifferentiation to obtain a CSCs phenotype (so called "awakened" CSCs in this review). However, little is known about how "awakened" CSCs result in oral cancer recurrence and metastasis after radiotherapy. Both cancer cells and their surrounding tumour microenvironment play a crucial role in cancer progression, and CSCs initiate tumorigenesis and enhance tumour development. Therefore, radiation-induced changes in CSCs themselves and in their environment should have an effect on recurrence and metastasis post-radiotherapy in oral cancer. Next, we will discuss the potential mechanism by which CSCs cause recurrence and metastasis of oral cancer after radiotherapy. The complex mechanisms are briefly summarised in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Potential mechanisms by which CSCs induce relapse and metastasis. CSCs have innate radioresistance. Both the CSC niche and tumour microenvironment can enhance the radioresistance of CSCs and support CSC survival during radiotherapy through the expression of multiple cytokines that contribute to increased stemness and self-renewal of CSCs and induce EMT and hypoxic conditions, resulting in higher migration and invasion of CSCs, further leading to tumour recurrence and metastasis

Innate radioresistance of CSCs {#Sec6}
------------------------------

The inherent function of stem cells, permanently providing genetically correct cells to replenish functional tissues, suggests that stem cells have a natural advantage in resisting DNA damage; this resistance aids them in response to radiotherapy, and the radioresistance of these cells is a direct reflection of their inherent ability of DNA repair.^[@CR84]^ CSCs are considered to have greater radiation resistance than cancer cells, enabling them to survive radiotherapy in various ways, such as controlling the cell cycle, effective DNA repair and modified division patterns.^[@CR23],[@CR85]^ The radioresistance of CSCs due to their innate stemness enables them to survive after radiotherapy, eventually leading to tumour recurrence or metastasis.

Generally, several studies have reported that quiescent CSCs proliferate more slowly than non-CSCs.^[@CR52]--[@CR55]^ Studies in glioma and breast cancer have found that one-third of CSCs are dormant and do not enter cell cycling until exposed to ionizing radiation,^[@CR49],[@CR50]^ suggesting a mechanism by which "awakened" CSCs could cause tumour recurrence after radiation. It is also consistent with the idea we discussed above that ionizing radiation is more effective in eradicating rapidly dividing and proliferating cancer cells than dormant or quiescent cells, which helps such dormant cells survive after radiation. Moreover, in both preclinical in vivo models and cancer patients, dormant cells have been confirmed to survive existing therapies, including radiotherapy,^[@CR49],[@CR50]^ which may be the cause of tumour recurrence. In addition to radioresistance due to dormancy, irradiated CSCs also show a stronger ability for DNA repair than differentiated cancer cells. With the detection of gH2AX, a specific DNA damage marker,^[@CR86]^ it has been reported that in breast cancer, there was no significant difference in the number of gH2AX foci between CSCs and other tumour cells when detected immediately after exposure to ionizing radiation; however, after 48 h, the number of gH2AX foci in CSCs was significantly lower than that in other cancer cells,^[@CR87]^ indicating that CSCs had a higher capacity for DNA repair. In general, having innate resistance to radiotherapy and high DNA damage repair can synergistically enhance CSC survival during radiotherapy.

Self-renewal property of CSCs {#Sec7}
-----------------------------

Self-renewal, a type of cell division specific to stem cells that includes symmetrical and asymmetrical renewal, enables cells to divide indefinitely and retain their differentiation potential.^[@CR65]^ Generally, CSCs undergo an asymmetrical division, giving rise to a CSC capable of infinite proliferative potential and a differentiated daughter cell with limited division.^[@CR88]^ However, when tumours are damaged after treatment, such as chemotherapy and radiotherapy, symmetrical CSC division, in which both daughter cells are CSCs that can divide indefinitely, may predominate,^[@CR89]^ accelerating tumour recurrence. As reported in breast cancer, the number of CD24^−^/CD44^+^ cells increased within a short period of time after radiation accompanied by Notch upregulation.^[@CR18]^ Findings in glioblastoma showed that CSC enrichment was not only due to the radiation resistance of CSCs but also closely related to the increase in radiation-induced symmetrical division of CSCs, with a potential mechanism that may be related to the activation of the Sonic Hedgehog (SHH), Notch, Wnt and epidermal growth factor receptor (EGFR) signalling pathways.^[@CR90]^ Radiation-induced Notch and EGFR pathway activation has already been confirmed to enhance self-renewal by increasing symmetric division.^[@CR54]^

In addition, the high expression of telomerase in CSCs helped maintain their self-renewal ability by playing a role in preventing DNA telomere shortening during cell division, thus allowing cells to proliferate indefinitely,^[@CR91]^ and promoting EMT of CSCs while still maintaining their stemness.^[@CR92],[@CR93]^ Therefore, the alteration of CSC division post-radiotherapy together with their innate strong self-renewal ability can guarantee the rapid proliferation of surviving CSCs after radiotherapy, further increasing the possibility of tumour relapse.

CSC-associated epithelial--mesenchymal transition {#Sec8}
-------------------------------------------------

Epithelial--mesenchymal transition (EMT), a developmental process involved in embryogenesis, wound healing and organ fibrosis,^[@CR94],[@CR95]^ has been confirmed to play an important role in cancer progression and response to cancer treatment.^[@CR55]^ Briefly, the process of EMT endows epithelial cells with a mesenchymal phenotype that is characterised by the loss of epithelial morphology and markers (including E-cadherin, desmoplakin, muc 1, cytokeratin-18, occludins, claudins and ZO-1) and the acquisition of mesenchymal markers (including N-cadherin, vimentin, fibronectin, vitronectin, α-smooth muscle actin and fibroblast-specific protein 1). Therefore, it is widely believed that cancer cells that have undergone EMT have stronger migration activity than those that retain an epithelial phenotype.^[@CR94]--[@CR96]^ There is increasing evidence that CSCs have mesenchymal cell phenotypes,^[@CR78]--[@CR80]^ which can ultimately lead to tumour metastasis. It has been found in nasopharyngeal carcinoma that nasopharyngeal carcinoma cell lines surviving radiation treatment show decreased E-cadherin and increased vimentin, resulting in EMT occurrence with strong migration activity.^[@CR6]^ It has also been demonstrated in other head and neck squamous cancer cell lines that X-ray radiation can promote EMT and enhance migration and invasion.^[@CR97]^

In addition, radiation-induced EMT of cancer cells has been confirmed in several studies and has been found to be mediated by complex molecular signalling factors, such as TGF-β and ROS.^[@CR98]--[@CR101]^ TGF-β1 can be specifically induced by ionising radiation in cancers.^[@CR102],[@CR103]^ Our previous study indicated that radiation could induce increased activation of the TGF-β signalling pathway as well as elevated ROS expression, facilitating oral cancer progression.^[@CR104]^ It has also been verified through an in vitro study in oral squamous cell carcinoma that TGF-β1 can enhance the CSC phenotype of cancer cells.^[@CR105]^ Findings in a cervical cancer study showed that TGF-β1 promoted EMT in cancer cells and helped them to obtain a CSC phenotype.^[@CR80]^ Similarly, in hepatocellular carcinoma, TGF-β1 could achieve the same effect as in cervical cancer by downregulating TP53INP1 through miR-155.^[@CR78]^ These studies suggest that the radiation-induced TGF-β signalling pathway plays an important role in EMT and obtaining a CSC phenotype, thereby promoting tumour metastasis.

ROS are also involved in TGF-β1-induced EMT in head and neck cancers. In oesophageal adenocarcinoma, TGF-β1 reduces the level of ferritin heavy chain (FHC), which in turn increases the levels of intracellular ROS and activates the p38 MAPK signalling pathway, further inducing EMT. Subsequently, it was further demonstrated that ROS deficiency was able to inhibit the migration of tumour cells.^[@CR106]^ Moreover, it has been reported in pancreatic cancer that *N*-acetylcysteine (NAC), an antagonist of ROS, can reduce the stemness and EMT phenotype of drug-resistant pancreatic cancer cells.^[@CR107]^ In addition, inflammatory cytokines, hypoxia-inducing factors and matrix metalloproteinases are all involved in ROS-mediated EMT cascades.^[@CR108]--[@CR110]^ These results confirm the key role of ROS in EMT, which indicates that the high concentrations of ROS stimulated by irradiation may promote EMT.

CSCs and CSCs niches {#Sec9}
--------------------

It has already been confirmed that the anatomically distinct microenvironment containing normal stem cells, called the niche, is composed of a variety of different cells and the extracellular matrix (ECM), which protect normal stem cells and regulates their functions.^[@CR111],[@CR112]^ With increased CSC studies, the "niche" concept has been extended to CSCs, in which CSCs can be supported and induced by the connective tissue matrix and vascular tissue comprising CSC niches.^[@CR113],[@CR114]^ In malignant tumours, CSCs niches promote the divisional dynamics of CSCs, enabling them to produce progenitor cells that further facilitate self-renewal of CSCs and maintain their initial development conditions.^[@CR89]^ In addition, other cells in CSC niches can function in helping CSCs to metastasise, escape apoptosis, and alter cell division dynamics via activation of various signalling pathways, resulting in cell repopulation.^[@CR23],[@CR115]--[@CR117]^ It has been reported that nitric oxide produced by endothelial cells in the CSC niche can activate the Notch pathway in glioma, thus promoting self-renewal of CSCs and enhancing their tumorigenic ability in vivo.^[@CR118]^ In hepatocellular carcinoma, endothelial cells exposed to radiation express elevated IL-4 to activate the ERK and AKT pathways, which promotes the migration and invasion of cancer cells as well as increases the size of the CSC population.^[@CR119]^ Myofibroblasts in the CSC niche have also been found to activate the Wnt signalling pathway by expressing hepatocyte growth factor, thereby inducing cancer cell dedifferentiation into CSCs and expression of stemness-related genes.^[@CR27]^

In HNSCC, the majority of CSCs are located perivascularly within a radius of 100 μm, suggesting that a perivascular niche of CSCs exists. In a tumour angiogenesis SCID mouse model, it was observed that specific ablation of tumour-associated endothelial cells resulted in a reduction in head and neck CSCs.^[@CR120]^ Moreover, the vascular endothelium in oral cancer has also been demonstrated to play an important role in tumour progression; for example, interleukin-6 (IL-6) and epidermal growth factor (EGF) secreted by vascular endothelial cells could promote the stemness of cancer cells in the perivascular niche and improve their vitality, enabling them to escape apoptosis.^[@CR115],[@CR117]^

Similar to the perivascular niche, the CSC niche in response to radiation also provides a hypoxic microenvironment, to further keep CSCs in a quiescent state and to resist radiation-induced oxidative stress,^[@CR121]^ both of which contribute to CSC radioresistance. While decreased angiogenesis is induced by irradiation in the CSC niche, increased hypoxia associated with growth factor and inflammatory factor expression also occurs, which may accelerate tumour recurrence and the generation of invasive CSCs that contribute to tumour metastasis.^[@CR23],[@CR116]^ In addition, it is widely believed that most cancers have multiple clonal cell types related to CSC subpopulations in the same tumour, leading to tumour heterogeneity. Although it is not yet known whether these heterogeneous CSCs are generated by different niches, some studies suggested that more complex niches could promote the radioresistance of CSCs.^[@CR122]^

CSCs and the tumour microenvironment {#Sec10}
------------------------------------

The tumour microenvironment (TME) refers to the internal environment in which tumour cells are generated and survive, composed of tumour cells themselves; surrounding stromal cells, i.e. fibroblasts and immune and inflammatory cells; intercellular substances; microvessels; and complex molecules in the surrounding area. The TME has been confirmed to play a critical role in mediating the radiation resistance and migration of cancer cells. Ionising radiation can cause a variety of changes in the TME, including increased secretion of various cytokines by stromal cells and recruitment of immune cells, contributing to the self-renewal and stemness maintenance of CSCs as well as associated cancer progression.

Carcinoma-associated fibroblasts (CAFs), as a key component in the TME different from normal fibroblasts, have a modified phenotype via interactions with tumour cells.^[@CR123]^ It is widely considered in the majority of cancers, including oral cancer, that CAFs could play a positive role in cancer progression through their interaction with cancer cells or paracrine signalling affecting cancer cells, including CSCs.^[@CR124]--[@CR127]^ In the study of lung cancer, it was observed that CAFs could activate IGF1R signalling in cancer cells, which further induced the expression of Nanog in cancer cells, contributing to the promotion of the stemness of CSCs, suggesting that CAFs in the CSC niche support cancer stemness.^[@CR128]^ In addition, many studies have also focused on the effect of radiation on CAF functions and found that radiation can promote the secretion of various cytokines by CAFs with a positive role in cancer progression.^[@CR129]--[@CR132]^ It has been observed in colorectal cancer that radiation-activated CAFs promote the metabolic conversion of glutamine through IGF1R activation, which further aggravates cancer progression.^[@CR130]^ In vitro findings in hepatic carcinomas showed that radiation could induce CAFs to secrete various cytokines, including tumour necrosis factor-α (TNF-α), IL-6, vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), MMP2 and MMP9,^[@CR131]^ promoting the survival, metastasis and self-renewal of CSCs. It has also been indicated in breast cancer in vivo that pre-irradiation of mice bearing breast cancer increased the number of circulating tumour cells (CTCs, often confirmed to be CSCs) and the incidence of lung metastasis via the elevated expression of cyclo-oxygenase-2 (COX2) and IL-6 in the TME.^[@CR133]^ Similarly, in squamous cell carcinomas, it has been shown that CAF-secreted TGF-β induced by irradiation can promote the migration and invasion of cancer cells in vitro^[@CR71]^ and increase the number of CTCs and lung metastasis in breast tumours in situ.^[@CR134]^

Additionally, radiation can affect the recruitment of immune cells as well as their biological behaviour. After irradiation, tumour-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) can rapidly infiltrate the irradiated site with increased secretion of cytokines and growth factors related to the stemness of cancer cells, thereby altering the growth and migration of cancer cells.^[@CR135]--[@CR137]^ It was found in primary human glioma that the distribution of TAMs in the leading edge of invasive tumours was associated with the presence of CD133^+^ glioma CSCs and that TAMs significantly enhanced the invasiveness of glioma stem cells through paracrine TGF-β1.^[@CR138]^ In addition, a large number of TAMs were found around CD44^+^ALDH^+^ cells in colon cancer and CD133^+^ALDH^+^ cells in lung cancer, which synergistically activated Sonic Hedgehog pathways in CSCs with IL-6 secretion.^[@CR139]^

Similar findings in oral cancer patients showed that the level of serum IL-6 in recurrent patients was higher than that in patients with only primary tumours, with further preclinical study showing that the level of IL-6 was crucial for maintaining the self-renewal and tumorigenicity of CSCs in oral cancer.^[@CR117]^ In addition, TGF-β has also been confirmed to induce oral squamous cell carcinoma cells to take on a CSC phenotype by abolishing FOXO3a.^[@CR105]^ Although there is an unfortunate lack of studies on the response of oral CSCs to radiotherapy to date, the results in the other cancers mentioned above suggest that the increased secretion of cytokines in the oral cancer TME following radiotherapy may contribute to the recurrence and metastasis of oral cancer post-radiotherapy by enhancing CSC properties.

CSCs and hypoxia and ROS {#Sec11}
------------------------

Intratumoural hypoxia is an important indicator of poor prognosis in cancer patients and can lead to severe progression, frequent metastasis and resistance to radiotherapy.^[@CR140]^ It has also been confirmed that hypoxia can enhance the migration of cancer cells,^[@CR141]^ as well as maintain CSC stemness and promote EMT.^[@CR142]^

It has been observed that radiation can induce significantly elevated levels of tumour hypoxia inducible factor-1 (HIF-1), which further increases the proportion of hypoxic cells in tumours to regulate tumour radiosensitivity.^[@CR143],[@CR144]^ Importantly, HIF-1 has also been confirmed to be an important mediator in hypoxia, maintaining the stem cell phenotype of CSCs.^[@CR145]^ It has been reported that under hypoxic conditions, CSCs sorted from FaDu cells, an oropharyngeal cancer cell line, express HIF-1α faster than non-CSCs after radiation. In addition, the radiosensitivity of both CSCs and non-CSCs increased significantly after inhibiting HIF-1α expression even in a hypoxic environment.^[@CR146]^

It is well known that the accumulation of ROS can result in DNA damage in the majority of tumour cells in response to radiotherapy.^[@CR3]^ ROS can cause structural damage when they occur within a 2-nanometre range of cellular DNA.^[@CR89]^ Notably, the ability of ROS to result in DNA damage is attributed to the oxidative stress of irradiated cells; therefore, hypoxic cells have stronger radiation resistance than cells in a normoxic environment.^[@CR147]^ Therefore, IR-induced additional ROS are less lethal to hypoxic cells and may unexpectedly promote their malignant phenotype. For CSC populations in cancer, it has been found that CSCs can prevent oxidative damage to DNA from ROS by increasing the production of free radical scavengers, further bolstering their inherent radiation resistance.^[@CR148]^ In addition, CSCs in tumours are more localised to hypoxic areas than to those with normal oxygen concentrations, which will further weaken the lethality of ROS against CSCs and enhance CSC radioresistance.^[@CR146]^ In summary, radiation-induced ROS production and hypoxic conditions have a close relationship in response to radiotherapy by affecting CSC radioresistance.

Potential therapeutics targeting CSCS in oral cancer {#Sec12}
====================================================

As reviewed above, relapse and metastasis of oral cancer after radiotherapy remain major challenges. Given the close relationship between CSCs and relapse and metastasis, particularly the "awakened" CSC subpopulations, it is necessary to develop therapeutic strategies targeting CSCs to improve oral cancer prognosis. Although there is limited knowledge on therapeutic strategies targeting oral CSCs, we will briefly discuss current strategies, including treatments targeting CSC markers, CSC self-renewal pathways, CSC-associated EMT and the CSC niche.

Targeting CSC markers {#Sec13}
---------------------

CSC-targeted therapy can be achieved by directly targeting overexpressed CSC-related molecules. It has been reported that pancreatic cancer patients with high CD44 expression had significantly shorter overall survival than those with low CD44 expression. An anti-CD44 antibody could inhibit the growth and metastasis of transplanted pancreatic tumours in mice, and the anti-CD44 antibody combined with radiotherapy could reduce tumour relapse after radiotherapy.^[@CR149]^ In preclinical trials in HNSCC patients, it has been shown that combined application of both an anti-CD44v6 monoclonal antibody and maytansinoid (DM1) in patients together with segmentation radiation could significantly improve the control of permanent local tumours.^[@CR150]^ Additionally, in a previous clinical study of patients with refractory squamous cell carcinoma of the head and neck or oesophagus, it was observed that combined treatment with bivatuzumab, a human monoclonal antibody against CD44v6 and mertansine (DM1), led to better efficacy than monotherapy with either agent, although this clinical study was discontinued after a subject died of toxic epidermal necrolysis.^[@CR151]^ It is worth noting that the identification of CSC markers should take into account the specificity of the markers. Given that there is a large amount of CD44 in normal oral tissues,^[@CR33],[@CR34]^ it is difficult to use anti-CD44 antibodies targeting CSCs in oral cancer. Additionally, it was found that using lentivirus transfection to silence CD133 in oral squamous cell carcinoma could help decrease the therapy resistance of oral cancer significantly.^[@CR26]^ Although no clinical studies have been conducted on targeting CSC markers in combination with radiotherapy in oral cancer, the studies mentioned above have provided us with good insight.

Targeting self-renewal {#Sec14}
----------------------

Their innate self-renewal ability is one of the most important mechanisms of CSCs causing tumour relapse after radiotherapy. Several developmental signalling pathways, such as SHH, Notch and Oct4, are active regulators of autophagy and proliferation of stem cells, providing potential CSC targets to treat cancers. By targeting SHH signalling, the autophagy regulator BMI1 has been proven to play a role in the self-renewal of stem cells.^[@CR152]^ In addition, BMI1 has been found to be highly expressed by CD133^+^ glioblastoma cells, which promote DNA repair by preferentially activating the DNA double-strand break (DSB) response mechanism; in addition, BMI1 deletion can seriously inhibit the DSB response, resulting in increased sensitivity to radiation, suggesting that pharmacological inhibition of BMI1 combined with radiotherapy may provide an effective means of targeting CSCs.^[@CR153]^ A similar finding of BMI1 targeting CSCs was observed in CD44^+^ nasopharyngeal carcinoma: when overexpressed BMI1 was knocked out in CD44^+^ cells, DNA damage repair was inhibited, and cell apoptosis increased after radiotherapy.^[@CR154]^ In addition, in colorectal cancer, downregulation of BMI1 inhibited the self-renewal ability of CSCs, leading to the loss of their tumorigenic potential, while the use of a small molecular inhibitor of BMI1 could cause long-term damage to colorectal xenograft tumours in mice.^[@CR155]^ Moreover, BMI1 is also highly expressed in CSCs of oral squamous cell carcinoma. BMI1 was able to suppress the ability of oral CSCs to form cell spheres in vitro, and a BMI1 inhibitor could arrest the progression of xenograft tumours in association with a reduced proportion of CSCs.^[@CR156]^ All these results suggest that strategies targeting CSC self-renewal, such as BMI1 inhibition, have great potential to be combined with radiotherapy in oral cancer for better prognosis.

Targeting EMT {#Sec15}
-------------

Radiation-induced EMT may be a key step in the acquisition of the CSC phenotype.^[@CR157]^ Thus, strategies targeting the EMT-related transformation of cancer cells into CSC-like cells in combination with radiotherapy should offer strong alternatives for improving prognosis in oral cancer. It has been revealed that miR-495 can weaken EMT phenotype acquisition in nasopharyngeal carcinoma cells and enhance their radiosensitivity by downregulating the expression of the cell surface protein GRP78.^[@CR158]^ Signal transducer and activator of transcription 3 (STAT3), an important transcription factor induced by EMT, has been found to play a role in increasing IR-induced CSCs in pancreatic cancer. In addition, inhibiting the DNA binding activity of STAT3 could reverse its role in the increase in IR-induced CSCs and in turn promote the radiosensitivity of IR-resistant pancreatic cancer cells.^[@CR159]^ Notably, metformin has been shown to inhibit EMT in a variety of tumours,^[@CR160]--[@CR162]^ correspon-dingly contributing to improving the efficiency of radiotherapy in mice xenografted with prostate cancer cells and colorectal cancer cells,^[@CR163]^ as well as the radiosensitivity of breast cancer and prostate cancer patients, as observed in retrospective studies.^[@CR164],[@CR165]^ In HNSCC, it has been observed that metformin can inhibit cancer progression by acting directly on CSCs through downregulation of cancer stemness signature-associated genes.^[@CR166]^ It has also been found that metformin can prevent the occurrence of chemical-induced oral cancer and downregulate markers of oral cancer CSCs in mice.^[@CR167]^ Therefore, targeting the CSC-associated EMT induced by radiation in oral cancer, such as with the use of metformin, is a promising strategy for radiosensitization.

Targeting the CSC niche {#Sec16}
-----------------------

The CSC niche, a complex biological environment that CSCs depend on, has been confirmed to play an important role in the CSC response to radiotherapy. Targeting CSC niches is a potential alternative strategy to damage CSCs during radiotherapy. As mentioned previously, most CSCs in HNSCCs, including oral cancer, are located in the perivascular region, suggesting that the targeted elimination of the CSC perivascular niche may be able to affect the prognosis of oral cancers treated by radiotherapy by reducing nutrient support and the secretion of signalling molecules required by CSCs. Some studies have shown that treating mice bearing cancer with bevacizumab, an anti-angiogenic drug, can result in failure of tumour angiogenesis and significantly reduce CSC numbers as well as tumour growth.^[@CR168],[@CR169]^ In addition, elimination of tumour blood vessels results in increased sensitivity of CSCs to cytotoxic drugs.^[@CR170]^ Additionally, the specific ablation of tumour-related endothelial cells induced by caspase-9 leads to a reduction in CSCs in head and neck cancers,^[@CR120]^ suggesting that targeted elimination of the CSC perivascular niche combined with radiotherapy may be a promising oral cancer treatment. In fact, X-ray irradiation of lung adenocarcinoma caused a significant increase in vessel density during tumour formation and increased induction of c-kit phosphorylation in endothelial cells.^[@CR171]^ Thus, the application of anti-angiogenesis drugs targeting CSC niches in combination with radiotherapy may be a promising therapeutic strategy in cancer, but further studies are needed.

As stated above, there is very limited knowledge to date on targeted therapy for oral CSCs, especially in combination with radiotherapy. However, there is no doubt that new approaches targeting CSCs in combination with radiotherapy may achieve better efficacy to treat oral cancer. Theoretically, it is feasible to directly target CSCs themselves or CSCs niches to achieve radiotherapy sensitisation (Fig. [3](#Fig3){ref-type="fig"}). However, the specificity for CSC targets of proposed agents and the toxicity of radiotherapy should be well considered.Fig. 3Potential therapeutics targeting oral CSCs. Given that the surviving CSCs post-radiotherapy can lead to relapse and metastasis, a potential strategy targeting oral CSCs needs to be combined with radiotherapy for better efficacy in treating oral cancer. Some examples include treatments targeting CSC markers, CSC self-renewal pathways, CSC niche, CSC-associated EMT and hypoxia

Conclusion {#Sec17}
==========

As they are the "seeds" of cancer, the way CSCs respond to treatment is crucial to the prognosis of tumours. Given the results focusing on CSCs and radiation treatment in oral cancer and other cancer types mentioned above, we can preliminarily draw the conclusion that oral CSCs can survive radiotherapy significantly better than non-stem cells, and surviving, quiescent CSCs can be "awakened" by ionising radiation, upregulating cell proliferation, which plays a key role in tumour relapse and metastasis. In addition, oral cancer cells with high malignant potential (often considered to have potential stemness) may also be "awakened" by radiotherapy to dedifferentiate into CSCs or to obtain a CSC phenotype with stemness-related marker expression. As reviewed, the "awakened" CSCs induced by radiation may contribute to oral cancer recurrence and metastasis post-radiotherapy due to their inherent radiation tolerance, DNA repair ability, self-renewal properties and innate mesenchymal phenotype, which endows them with the potential for invasion, and these properties can be reinforced by the CSC niche and tumour microenvironment. However, there is no doubt that our recognition of the role of oral CSCs in tumour recurrence and metastasis post-radiotherapy is still insufficient. More research on how CSCs are "awakened" by radiation and the mechanisms involved in oral cancer relapse and metastasis should be carried out to help explore more potential strategies for targeting oral CSCs, which will ultimately contribute to a better prognosis of oral cancer after radiotherapy.
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